To develop a mathematical model to estimate the relative differences in postoperative stromal tensile strength following photorefractive keratectomy (PRK), LASIK, and small incision lenticule extraction (SMILE).
METHODS:
Using previously published data where in vitro corneal stromal tensile strength was determined as a function of depth, a mathematical model was built to calculate the relative remaining tensile strength by fi tting the data with a fourth order polynomial function yielding a high correlation coeffi cient (R 2 = 0.930). Calculating the area under this function provided a measure of total stromal tensile strength (TTS), based only on the residual stromal layer for PRK or LASIK and the residual stromal layers above and below the lenticule interface for SMILE.
RESULTS:
Postoperative TTS was greatest after SMILE, followed by PRK, then LASIK; for example, in a 550-µm cornea after 100-µm tissue removal, postoperative TTS was 75% for SMILE (130-µm cap), 68% for PRK, and 54% for LASIK (110-µm fl ap). The postoperative TTS decreased for thinner corneal pachymetry for all treatment types. In LASIK, the postoperative TTS decreased with increasing fl ap thickness by 0.22%/µm, but increased by 0.08%/µm for greater cap thickness in SMILE. The model predicted that SMILE lenticule thickness could be approximately 100 µm greater than the LASIK ablation depth and still have equivalent corneal strength (equivalent to approximately 7.75 diopters).
CONCLUSIONS: This mathematical model predicts that the postoperative TTS is considerably higher after SMILE than both PRK and LASIK, as expected given that the strongest anterior lamellae remain intact. Consequently, SMILE should be able to correct higher levels of myopia.
[J Refract Surg. 2013;29(7): 454-460.] n small incision lenticule extraction (SMILE), the femtosecond laser creates two interfaces that defi ne a refractive lenticule of stromal tissue (Video, available in the online version of this article). A dissector is passed through a small 2-to 3-mm incision to separate the lenticular interfaces and allow the lenticule to be removed in one piece, thus eliminating the need to create a fl ap.
1,2 The absence of a fl ap and the fact that the stromal tissue is removed from within the stroma means that the anterior-most stromal lamellae remain intact after the procedure (except for the region of the small incision). This is in contrast to both LASIK, where the anterior stromal lamellae are severed by the creation of the fl ap and also by the excimer laser ablation, and surface ablation (photorefractive keratectomy [PRK] ), where the anterior stromal lamellae are severed by the excimer laser ablation.
Randleman et al. 3 demonstrated that the cohesive tensile strength (ie, how strongly the stromal lamellae are held together) of the stroma decreases from anterior to posterior within the central corneal region. In an experiment in which the cohesive tensile strength was measured for strips of stromal lamellae cut from different depths within donor corneoscleral buttons, a strong negative correlation was found between stromal depth and cohesive tensile strength. The anterior 40% of the central corneal stroma was found to be the strongest Tensile Strength of Cornea After PRK, LASIK, and SMILE/Reinstein et al region of the cornea, whereas the posterior 60% of the stroma was at least 50% weaker. Other authors have reached this conclusion by other indirect means. [4] [5] [6] [7] [8] [9] In addition to cohesive tensile strength, tangential tensile strength (ie, stiffness along the stromal lamellae) and shear strength (ie, resistance to torsional forces) have both been found to vary with depth in the stroma. Kohlhaas et al. 10 and Scarcelli et al. 11 found that the tangential tensile strength was greater for anterior stroma than posterior stroma, each using a different methodology. There was a strong correlation between the results for cohesive tensile strength by Randleman et al. 3 ( Figure 1 ) and the results for tangential tensile strength by Scarcelli et al. 11 ( Figure 2) . Petsche et al. 12 found a similar result for transverse shear strength to decrease with stromal depth. In SMILE, the refractive stromal tissue removal takes place in deeper and relatively weaker stroma, leaving the stronger anterior stroma intact, so it is reasonable to assume that for any given refractive correction SMILE will leave the cornea with greater tensile strength than PRK. Because the anterior stroma is left intact, by defi nition SMILE will leave the cornea with greater tensile strength than LASIK for any given refractive correction. But perhaps less intuitively, if SMILE is performed deeper in the cornea, more of the stronger anterior stroma will remain and hence the postoperative tensile strength will be greater; this is in contrast to LASIK, where deeper ablation results in lower postoperative tensile strength given the minimal contribution of the fl ap to corneal biomechanics after healing. 13 The aim of the current study was to develop and use a mathematical model to estimate the relative differences in postoperative tensile strength of the cornea following LASIK, PRK, or SMILE.
MATERIALS AND METHODS
This study describes the derivation of a mathematical model that can be used to estimate the change in total tensile strength of the cornea after different corneal refractive surgical procedures. This model was then applied to compare the change in total tensile strength between SMILE, LASIK, and PRK. For the purposes of this model, it was assumed that the cohesive tensile strength data reported by Randleman et al. 3 were representative of the overall biomechanical properties of the cornea, given the similar depth-dependent fi ndings for cohesive tensile strength, tangential tensile strength, and transverse shear strength. For simplicity, we refer to tensile strength, although the underlying data were derived specifi cally for cohesive tensile strength.
CALCULATION OF TOTAL TENSILE STRENGTH
In the study by Randleman et al., 3 the results were presented as a graph showing the percentage of maximum tensile strength plotted against percentage of residual stromal bed depth, which has been reproduced in Figure 1 . We performed nonlinear regression analysis on this data to fi nd the best-fi t curve to approximate the average tensile strength across all stromal depths for this population. The total tensile strength of the untreated cornea was then calculated as the area under the regression line by integration. The total Figure 1 . Scatter plot of the percentage of maximum cohesive tensile strength against the percentage of residual stromal depth using data from the study by Randleman et al. 3 Regression analysis found that a fourth order polynomial provided the closest fit to the data and the R 2 of 0.93 demonstrated the high correlation achieved. Tensile Strength of Cornea After PRK, LASIK, and SMILE/Reinstein et al tensile strength of the cornea after LASIK was derived by calculating the area under the regression line for all depths below the residual stromal bed thickness (assuming the fl ap does not contribute to the tensile strength of the postoperative cornea). 13 This value was divided by the total tensile strength of the untreated cornea to represent the relative total tensile strength as a percentage. Similarly, the total tensile strength of the cornea after PRK was derived by calculating the area under the regression line for all depths below the stromal thickness after ablation. Finally, the total tensile strength of the cornea after SMILE was calculated as the area under the regression line for all depths below the lower lenticule interface added to the area under the regression line for all depths above the upper lenticule interface or within the stromal cap. The three types of calculations are diagrammatically represented in Figure 3 .
The postoperative relative total tensile strength was calculated to compare PRK, LASIK, and SMILE in three ways: Tensile Strength of Cornea After PRK, LASIK, and SMILE/Reinstein et al RESULTS The depth-dependent stromal tensile strength data graph is reproduced in Figure 1 . Table 1 shows the R   2 values for the regression analysis using a linear, quadratic, third, fourth, and fi fth order fi t. It can be seen that the best fi t was achieved using a fourth order polynomial, with an R 2 of 0.930 demonstrating the high correlation achieved by a non-linear fi t, and no further improvement in the R 2 with a fi fth order polynomial. The fourth order regression line was integrated and this equation was used to calculate the area under the curve for the relevant stromal depths for PRK, LASIK, and SMILE. An online version of the model is available for download at www.londonvisionclinic.com/ biomechanicsmodel. Figure 4 shows the relative total tensile strength after PRK, LASIK, and SMILE plotted against a range of central corneal thicknesses for a fi xed ablation depth/ lenticule thickness of 100 μm, a LASIK fl ap thickness of 110 μm, and a SMILE cap thickness of 130 μm. The postoperative relative total tensile strength was greatest after SMILE, followed by PRK, and was lowest after LASIK. For example, for a cornea with central corneal thickness of 550 μm, the postoperative relative total tensile strength was 75% for SMILE, 68% for PRK, and 54% for LASIK. The linear regression equations plotted for each procedure demonstrated that the postoperative relative total tensile strength decreased with corneal thickness by 0.07%/μm in LASIK, 0.06%/μm in PRK, and 0.03%/μm in SMILE. Figure 5 shows the relative total tensile strength after LASIK and SMILE plotted against a range of fl ap/ cap thicknesses for a fi xed central corneal thickness of 550 μm and ablation depth/lenticule thickness of 100 μm (approximately -7.75 D). In LASIK, the postoperative relative total tensile strength decreased for greater fl ap thickness by 0.22%/μm. On the contrary, the postoperative relative total tensile strength increased for greater cap thickness by 0.08%/μm for SMILE. Figure 6 shows the relative total tensile strength after PRK, LASIK, and SMILE plotted against a range of ablation depths/lenticule thicknesses for a fi xed central corneal thickness of 550 μm, a LASIK fl ap thickness of 110 μm, and a SMILE cap thickness of 130 μm. The postoperative relative total tensile strength reached 60% for an ablation depth of 73 μm in LASIK, 133 μm in PRK, and 175 μm in SMILE. This is equivalent to a -5.75 diopters (D) treatment with the MEL80 excimer laser (Carl Zeiss Meditec, Jena, Germany) standard ASA profi le (73 μm), compared to a -13.50 D SMILE treatment (175 μm). Table 2 shows the relative total tensile strength after LASIK for a range of residual stromal bed thicknesses for a fi xed central corneal thickness of 500 μm and a LASIK fl ap thickness of 110 μm. The relative total tensile strength is then also shown for PRK and 
DISCUSSION
A mathematical model based on depth-dependent stromal tensile strength data produced by Randleman et al. 3 predicted that the postoperative relative total tensile strength of the cornea would be signifi cantly greater after SMILE than both PRK and LASIK due to the fact that the strongest anterior lamellae remain intact. The model predicted that SMILE lenticule thickness (assuming a 130-μm cap) could be approximately 100 μm greater than the ablation depth in LASIK (assuming a 110-μm fl ap) and still have equivalent corneal strength. In terms of refractive error, this translates to correcting approximately 7.75 D more myopia treated (although this will depend on the type of ablation/lenticule profi le and cap/fl ap thickness used) with SMILE than with LASIK for a cornea of the same postoperative relative total tensile strength. In terms of corneal tensile strength, this translates to an increase of approximately 21% for any given myopic treatment performed with SMILE than with LASIK.
It is generally accepted that a certain uncut residual stromal thickness is required after ablation to minimize postoperative corneal ectasia risk in a normal (nonkeratoconic) cornea. A residual stromal bed thickness of 250 μm is commonly used as the residual bed thickness necessary to prevent ectasia and it is generally accepted that the lower the residual stromal bed thickness, the higher the risk of developing postoperative ectasia. This model demonstrates how the opposite is true for SMILE: the thicker the cap (and therefore the deeper the lenticular tissue removal) and hence the lower the residual stromal bed thickness, the greater the residual tensile strength. This fi nding is logical from the knowledge that anterior stroma is stronger, and supports the notion that it should be possible to correct much higher levels of myopia by SMILE compared to LASIK or PRK. This also translates to SMILE resulting in greater retention of stromal tensile strength compared to any given LASIK or PRK procedure. Taking this concept to the theoretical extreme, removing the lenticule from the more posterior aspect of the cornea would maximize the postoperative relative total tensile strength and could increase the possible myopic correction even further. Practically speaking, Tensile Strength of Cornea After PRK, LASIK, and SMILE/Reinstein et al there are unknowns relating to the accuracy (and endothelial safety) of femtosecond laser cutting deep in the stroma and issues relating to the biomechanics dictating relative back surface changes that may occur in the instance of deeper lenticular tissue removal. A fourth order polynomial was found to be the bestfi t regression line through the stromal depth dependent cohesive tensile strength data, which indicates that the cohesive tensile strength varies non-linearly through the stroma. The cohesive tensile strength appears to decrease rapidly for the anterior-most 30%. There is then a region between 70% and 20% where the cohesive tensile strength decreases slowly but then drops off sharply again for the posterior-most 20%. This nonlinearity may be associated with the known different collagen organizational layers within the stroma. 6, 14, 15 Of note is the remarkable similarity of this curve to that reported for tangential tensile strength by Scarcelli et al.
11 (Figure 2) , which demonstrates the strong correlation between corneal biomechanical properties with stromal depth and provides some justifi cation to the assumption that cohesive tensile strength is representative of the overall corneal biomechanics. This fi nding also agrees with studies that have found other depth-dependent properties of the corneal stroma such as decreasing refractive index, 16 greater ultraviolet B absorption in the anterior stroma, 17 and varying excimer laser ablation rates. 18, 19 The model described in this study predicted that the difference in relative remaining total tensile strength between the three procedures would be slightly greater for thinner corneas than thicker corneas. This would make sense, because in LASIK fl ap stroma plus ablation within the stronger anterior stroma would comprise a greater percentage loss of total tensile strength than lenticular removal from relatively weaker stromal tissue deeper within the stroma while leaving stronger anterior stroma uncut. For a 450-μm cornea, there was a 21% difference in relative total tensile strength between SMILE and LASIK compared with a 14% difference for a 650-μm cornea. This demonstrates that the residual thickness based safety of corneal laser refractive surgery in general should not be thought of in terms of residual stromal bed thickness, but at least in terms of total residual uncut stroma. Ideally, a parameter such as total tensile strength, which takes the nonlinearity of the strength of the stroma into account, seems more appropriate. For example, the residual stromal bed thickness under the interface in SMILE could easily be less than 250 μm due to the additional strength provided by the untouched stromal lamellae in the cap, as long as the total remaining corneal tensile strength is comparable to that of the postoperative LASIK 250 μm residual stromal bed thickness standard. In this new case of using remaining total tensile strength, the minimum would evidently be defi ned as the total tensile strength remaining after LASIK with a residual stromal bed thickness of 250 μm.
In this model, there are some factors that have not been considered. First, this model only considers the central point on the cornea. A full model of the cornea, for example by fi nite element analysis, that can take into account the stromal thickness progression and the volume of the ablation profi le would be a signifi cant improvement but is likely to provide the same data qualitatively, albeit perhaps more accurately in terms of absolute tensile strength changes.
In our model, we have made the assumption that the stromal lamellae in the LASIK fl ap do not contribute to the total tensile strength of the cornea at all, an assumption that is supported by published studies demonstrating negligible contribution. Schmack et al. 13 found that the mean tensile strength of the central and paracentral LASIK wounds was only 2.4% that measured in control eyes. Knox Cartwright et al. 20 experimentally demonstrated a LASIK fl ap depth-dependent increase in corneal strain; they measured an increase in strain of 9% for a 110-μm fl ap and 33% for a 160-μm fl ap. This result is predicted by our current model, which showed that the remaining relative total tensile strength would be less for thicker fl aps, as would be expected.
Another factor not considered is that Bowman's layer remains intact after SMILE, which is not true in either LASIK or PRK. Bowman's layer has been shown to have different biomechanical properties than stromal tissue, as demonstrated by Seiler et al., 21 who showed that removing Bowman's layer with an excimer laser reduced the Young's modulus by 4.75%. Leaving Bowman's layer intact may further increase the corneal biomechanical stability after SMILE compared with LASIK and PRK. The current model also does not consider the effect of the tunnel incision on tensile strength changes, which, although small, will not be zero.
A mathematical model derived from depthdependent stromal tensile strength data quantifi ed the difference in postoperative relative total tensile strength between SMILE, PRK, and LASIK. The fl apless intrastromal SMILE procedure brings the advantage of leaving the strongest anterior stromal lamellae intact to maximize the strength of the cornea after the procedure compared with PRK and LASIK. This model demonstrates that SMILE does not follow the same criteria as LASIK for residual stromal bed thickness calculations and hence can be expected to correct higher levels of myopia within the cornea than is currently possible by LASIK or PRK.
